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We describe a non-minimal higher-derivative extension of Einstein-Maxwell theory in which
electrically-charged black holes and point charges have globally regular gravitational and electro-
magnetic fields. We provide an exact static, spherically symmetric solution of this theory that
reduces to the Reissner-Nordstro¨m one at weak coupling, but in which the singularity at r = 0
is regularized for arbitrary mass and (non-vanishing) charge. We discuss the properties of these
solutions and comment on the physical significance of our results.
One of the most anticipated features of a putative the-
ory of Quantum Gravity is its ability to resolve the sin-
gularities that arise in General Relativity (GR). While,
from a fundamental perspective, such goal is still far from
being achieved, the aim of understanding this aspect of
a UV-complete theory has motivated numerous research
on a more phenomenological ground. If one accepts the
premise that Nature should not have singularities, then
one is led to the conclusion that GR should be modified
when the spacetime’s curvature is extremely large. In the
case of black holes, these modifications would give rise
to regular black holes, whose interior contains a smooth
region of spacetime instead of a curvature singularity.
Thus, there has been a keen interest in understanding
the properties of these hypothetical regular black holes
[1–9], although most of the literature so far has only fo-
cused on modelizing these geometries without worrying
too much about their dynamics.
When it comes to describing a dynamical foundation
for regular black holes, things are much more involved.
Ideally, one would wish to find an effective high-energy
modification of General Relativity whose black hole so-
lutions were naturally singularity-free. There have been
some interesting attempts toward this goal in the litera-
ture [10–24], but all of them have certain limitations. For
instance, some models require an unreasonable amount of
fine-tuning [10–12, 21], while others rely on the introduc-
tion of ad hoc matter so that they do not possess a fully
dynamical description, e.g. [14, 18, 20]. On the other
hand, Refs. [15, 16, 19, 22, 23] offer more promising ap-
proaches, although obtaining exact solutions is usually
challenging in those cases. Despite these efforts, it is
fair to say that there is still no clear way of removing
curvature singularities within the framework of effective
high-energy modifications of GR.
The goal of this letter is to show, in a very explicit
way, that these singularities can be indeed regularized by
higher-derivative corrections. These corrections provide
a very natural extension of GR as they are generically
expected to appear in the effective action of gravity. In
particular, we are going to introduce a non-minimally
coupled higher-derivative extension of Einstein-Maxwell
theory that achieves the goal of regularizing physically
relevant solutions of GR, namely, the electrically-charged
Reissner-Nordstro¨m (RN) solution. Besides, as we show,
not only the geometry is regular in our solutions, but also
the electromagnetic field remains finite everywhere. To
the best of our knowledge, this is the first explicit exam-
ple of a theory that fully regularizes both gravitational
and electromagnetic fields for solutions of arbitrary mass
and charge [25].
Without further delay, let us introduce our theory. We
consider a non-minimally coupled action of the form
S =
1
16piG
∫
d4x
√
|g| {R− FµνFρσχµνρσ} , (1)
where Fµν = 2∂[µAν] is the field strength of the vector
field Aµ, R is the Ricci scalar of the metric gµν and χ
µνρσ
is a certain tensor built out of the curvature and the
metric. Notice that when χµνρσ = δ
µν
ρσ [26] one gets
Einstein-Maxwell theory. Instead, we are going to choose
this tensor in the following way
χµνρσ = 6δ
[µν
ρσ
(Q−1)αβ]
αβ
, (2)
where
Qµνρσ = δµνρσ + α
(
6R
[µ
[σδ
ν]
ρ] + 7R
µν
ρσ +
1
2
Rδµνρσ
)
+ α2
(
9
4
R [µα R
ν]α
ρσ +
9
4
Rα[ρR
µν
σ]α +
1
4
RRµνρσ
+
35
8
RµναβRαβρσ +
1
2
R
[µ
λ δ
ν]λ
β[ρR
β
σ]
)
,
(3)
and Q−1 denotes the inverse of this tensor, defined by
Qµνρσ
(Q−1)ρσ
αβ
= δµναβ . (4)
In addition, α is a constant with units of length squared.
Certainly, the Lagrangian of this theory has been cho-
sen in a very peculiar way and we will comment on this
later. The fact that we wish to remark at this point is
that, despite being fine-tuned, this theory satisfies some
reasonable properties. On the one hand, it contains a
ar
X
iv
:2
00
6.
15
14
9v
1 
 [h
ep
-th
]  
26
 Ju
n 2
02
0
2free coupling constant and when it is set to zero one re-
covers Einstein-Maxwell theory. In fact, at low energies
we have
S =
1
16piG
∫
d4x
√
|g|
{
R− F 2 + α
(
7FµνFρσR
µνρσ
− 22FµαF αν Rµν +
9
2
F 2R
)
+O(α2)
}
, (5)
so that the action reduces to the Einstein-Maxwell one
when the curvature is small enough (or when α → 0).
Thus, we can think of this theory as a toy model for
a UV-completion of GR containing an infinite tower of
higher-derivative terms. On the other hand, as we show
below, for any value of the coupling we are able to find
exact solutions of arbitrary mass and charge (we do not
need to tune M and Q to particular values), making this
a very useful theory for practical purposes.
The equations of motion obtained from varying (1) can
be written in a suitable way in terms of the auxiliary
tensor Fˆµν = χµνρσFρσ as follows
2EEµν = Rµν −
1
2
gµνR− 12Fˆ αµ Fˆ[ναQ ρσρσ]
+ 3 gµν Fˆ
αβFˆ[αβQ ρσρσ] + 6FˆαβFˆ[αβ
∂Q ρσρσ]
∂Rµλτγ
R λτγν
+ 12∇λ∇γ
(
FˆαβFˆ[αβ
∂Q ρσρσ]
∂Rµλνγ
)
+ (µ↔ ν) , (6)
EMν = ∇µFˆµν . (7)
On the other hand, F can be obtained from Fˆ using [27]
Fµν = 6Fˆ[ρσQ ρσµν] . (8)
Thus, we realize that the equations of motion can be
expressed solely in terms of Fˆ and Q, hence evading the
highly intricate task of computing the inverse tensorQ−1.
We shall concentrate our efforts on studying
electrically-charged, static spherically symmetric solu-
tions in this theory. A general ansatz for the metric and
for the vector field is given by
ds2 =−N(r)2f(r)dt2 + dr
2
f(r)
+ r2dΩ2(2) , (9)
A = Φ(r)dt . (10)
The equations satisfied by the functions N(r), f(r) and
Φ(r) are found straightforwardly by evaluating Eqs. (6),
(7) and (8) above on this ansatz. In order to find a
solution, we first obtain Fˆ from the Maxwell equation
(7); then we substitute on the Einstein equation (6) to
get the corresponding metric and finally, using (8), we
obtain the field strength F from where we can get the
electrostatic potential Φ. For the sake of completeness,
we provide an appendix with the explicit form of the
equations of motion and their resolution.
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FIG. 1. Profile of the metric function f(r) (12) and the elec-
trostatic potential Φ(r) (13) as functions of the radial coordi-
nate. In these plots we use Q = 2
√
α and various values of the
mass. Solid line: black hole with outer and inner horizons.
Dashed line: extremal black hole, which in this case takes
place for Mext ' 2.4√α. Dotted line: horizonless solution. In
all cases the point r = 0 is a smooth cap of the geometry and
both f(r) and Φ(r) are finite everywhere.
Remarkably, we find that the equations can be fully
integrated, and the most general asymptotically flat so-
lution reads
N(r) = 1 , (11)
f(r) =
r4
(
r2 − 2Mr +Q2)+ αQ2(3r2 + 2α)
r6 + αQ2(r2 + 2α)
, (12)
Φ(r) =
Q
r
(
1 +
α(1− f)
r2
)(
1 +
α(4− 4f + rf ′)
2r2
)
,
(13)
where M and Q are two integration constants. The pro-
file of the functions f(r) and Φ(r) is shown in Fig. 1 for
specific values of these parameters.
Let us now examine the properties of this solution.
First, notice that asymptotically the fields behave as in
3the Reissner-Nordstro¨m solution, f(r) ∼ 1 − 2M/r +
Q2/r2, Φ(r) ∼ Q/r, from where one can identify M with
the mass and Q with the electric charge. Also, the full
RN solution is recovered when we set α = 0. Thus, this
solution is a continuous deformation of the RN one and
the deviations with respect to it are small as long as the
curvature and the field strength take sufficiently small
values. On the other hand, the corrections have a drastic
effect near the would-be singularities, where these quan-
tities would diverge. Indeed, the most remarkable prop-
erty of this solution, as can be easily seen from (12), is
that the geometry is smooth everywhere. More precisely,
we check that f(r) has no divergences, and we find that
around r = 0 it behaves as
f(r) = 1 +
r2
α
+O(r3) , (14)
which implies that the point r = 0 is a smooth cap of the
geometry. In particular, the region near r = 0 is locally
that of AdS space of radius
√
α. Interestingly enough,
the electromagnetic field is also finite everywhere and one
can check that near the origin the electrostatic potential
is given by
Φ(r) ∼ − M
2r5
2Q3α2
+O(r7) . (15)
The field strength F = −Φ′dt∧ dr is also finite and van-
ishes at r = 0. Thus, these solutions are free of singular-
ities.
Depending on the relative values of the mass and the
charge, these solutions have a different nature. As we
can see in Eq. (12), only the term proportional to the
mass comes with a negative sign, which means that, if
M is large enough compared to the charge, f(r) will van-
ish at certain point. In that case the solution contains
a horizon and hence it is a black hole — see the solid
lines in Fig. 1. In addition, this black hole has always
a second, inner horizon (except in the extremal limit),
so the causal structure is very similar to that of the RN
black hole, with the difference that the timelike singu-
larity at r = 0 is removed. The Penrose diagram of this
regular black hole is identical to that of other models of-
ten discussed in the literature [4, 6], so we refer to those
works for further details. For a specific value of the mass,
M = Mext(Q), both horizons merge into a degenerate
horizon and we have a extremal black hole — depicted
by the dashed lines in Fig. 1. Let us note that the ex-
tremality condition is modified with respect to the case
of the Reissner-Nordstro¨m black hole, so that Mext 6= Q.
Finally, if the mass is below the extremal value, then the
effect of the charge dominates and the solution does not
possess a horizon. This situation is represented by the
dotted lines in Fig. 1. This horizonless smooth solution is
particularly interesting and, in principle, one could think
of it as a soliton or a fuzzball.
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FIG. 2. Effective charge density of an electron (defined as in
Eq. (17)) predicted by the theory (1). We assume that the
corrections appear at Planck scale, α = `2P.
One intriguing question is that about the origin of the
charge and the mass in these solutions. Apparently, there
are no matter sources involved, so one might conclude
that the mass and charge arise due to the non-linear in-
teractions between gravity and electromagnetism. How-
ever, a closer look reveals that this is not entirely correct.
While the geometry is smooth (C∞) everywhere, one can
check that the potential Φ (and hence the vector A) is
only C4 at r = 0. This means that some of the equations
of motion may not be satisfied at r = 0, which typically
indicates the presence of point-like sources. In fact, in
the case of the Maxwell equation (7) it is easy to see the
we have a Dirac delta on the right-hand-side,
∇µFˆµν = 4piQδ(3)(r)δνt , (16)
and hence, these solutions do have a point-like source of
electric charge. This means that the horizonless solutions
we have found should be really interpreted as the fields
of charged point particles, and not as solitons. Thus, the
higher-derivatives seem to have the effect of “smearing”
the charge, so that, even though it is concentrated at
a single point, the fields are finite. As an interesting
example, we may consider the case of an electron. Let
us assume that the corrections appear at Planck scale
and that α = `2P. In Planck units the charge of the
electron is Q = −eG1/2(4pi0)−1/2 ≈ −1/
√
137, where e
is the elementary charge. We may also approximateme ≈
0, since it is much smaller than Planck’s mass. Then,
even though we treat the electron as a point particle,
we may define an effective charge density in the usual
way, d ? F = 4piρeffV3, where V3 is the volume form of
constant-t spatial slices. This leads to the identification
4piρeff = −
√
f
r2
d
dr
(
r2
dΦ
dr
)
. (17)
4The profile of this effective charge density is shown in
Fig. 2, where we can check that it is finite everywhere
and concentrated around the region r < `P. Thus, it
is as if the higher-derivative corrections delocalize the
charge, yielding the electron some apparent structure,
which in this case shows up at Planck scale. On the other
hand, the gravitational and electromagnetic potentials,
f(r) and Φ(r) respectively, have qualitatively similar pro-
files to those shown in the dotted lines in Fig. 1. All of
this provides us with a remarkable physical picture. In
the first place, the electron sources the electromagnetic
field, which at the same time creates a gravitational field.
Then, due to the non-minimal couplings between them,
a non-linear backreaction is produced which at the end
renders both fields finite.
Summarizing, we have shown that the theory (1) is
able to resolve the singularities of charged black holes
and of point-like charge particles. The regular black holes
we have obtained have similar properties to some of the
models analyzed in the literature [4, 6], with the timelike
singularity of RN black holes replaced by a smooth “AdS
core”. On the other hand, point charges acquire an ef-
fective structure of finite size due to the short-distance
modifications of gravity and electromagnetism implied by
the theory (1). Thus, we have proven that the regular-
ization of singularities is possible within the framework
of Einstein-Maxwell theory with higher derivatives. Note
that we do not intend to say that such regularization is
a general phenomenon. It suffices to show that it can be
achieved by some theories to prove that effective actions
can capture this property of a UV-complete theory. In
fact, this makes the action (1) a very interesting model
for a UV-completion of Einstein-Maxwell theory.
Let us close this letter by further commenting on this
theory. The Lagrangian of (1) has been found after im-
posing mainly technical conditions. Namely, it is charac-
terized by having static spherically symmetric solutions
satisfying gttgrr = −1, and for which the equations of mo-
tion can be fully integrated. These properties resemble
those of the recently constructed Generalized Quasitopo-
logical gravities, e.g. [28–32], but while those theories are
purely gravitational, the action (1) can be thought as a
non-minimally coupled version thereof. Now, it turns out
that there are many other non-minimal higher-derivative
extensions of Einstein-Maxwell theory of this type [33]
— see also [34, 35]. Within this class of theories, one
finds that the resolution of curvature singularities hap-
pens generally, while only a few constraints need to be
imposed in order to regularize the electromagnetic field.
The Lagrangian in Eq. (1) is a particular case of this, but
many other examples can be found as well [33]. Thus,
most of the fine-tuning in (1) actually comes from im-
posing that the equations of motion can be solved ex-
actly, not from a physical requirement. Probably, many
other higher-derivative theories are also singularity-free,
but one cannot check this easily due to the complicated
form of the equations of motion in the general case. This
suggests that the regularization of singularities by non-
minimal higher-derivative terms as those in (1) could be,
after all, a more general phenomenon than expected.
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Appendix: solving the equations of motion
First, one can see that, due to the form of the ansatz in Eqs (9) and (10), the only non-vanishing component of
Fˆµν is Fˆtr = −Fˆrt. Then, Eq. (7) implies that this tensor must have the form
Fˆ =
QN(r)
r2
dt ∧ dr , (18)
where Q is an integration constant that (as we check later) represents the electric charge. The next step is to substitute
(18) on the Einstein equation (6). Before that, we note that the static condition and spherical symmetry imply that
all its off-diagonal components vanish identically. Furthermore, using the Bianchi identity one may deduce that
the angular components are satisfied once the tt and rr components hold. Therefore these are the only non-trivial
equations we obtain from (6). Imposing the static and spherically symmetric ansatz (9) together with the expression
5of Fˆ presented in Eq. (18), we find:
EEtt =−
fN2
r4
(
r3f ′ + (f − 1)r2 +Q2)− αfN2Q2
r6
(rf ′ − 3f + 9)
+
α2fQ2
2r8
(−f2N ′2r2 + 4N2 (−rf ′ + 5f − 5) + 2fNr (2N ′rf ′ − 4fN ′ + fN ′′r)) = 0 , (19)
EEtt + f2N2EErr =2NN ′f2
(
1
r
+
Q2α
r5
− Q
2α2(−2N + rfN ′)
Nr7
)
= 0 . (20)
Despite the intricateness of Eq. (19), we see by direct inspection that the combination of EEtt and EErr in Eq. (20)
imposes N = constant (another possible solution could be obtained by setting the quantity between brackets to zero,
but this yields an unphysical solution which is not asymptotically flat). In particular, we may always set N = 1 after
an appropriate rescaling of the time coordinate. Imposing N = 1 simplifies Eq. (19), which takes the form
EEtt
∣∣
N=1
= − f
r4
(
r3f ′ + (f − 1)r2 +Q2)− αQ2f
r6
(rf ′ − 3f + 9)− 2α
2Q2f
r8
(5− 5f + rf ′) = 0 . (21)
Interestingly enough, the combination
r2EEtt
∣∣
N=1
f
can be easily integrated. One finds that
1
2
∫
r2EEtt
∣∣
N=1
f
dr = r(1− f) + Q
2
r
+
3αQ2
r3
− αQ
2f
r3
+
(1− f)
r5
2α2Q2 = 2M , (22)
where M is an integration constant that we identify with the mass of the solution. Thus, we have a linear equation
for the metric function f whose solution reads
f(r) =
r4
(
r2 − 2Mr +Q2)+ αQ2(3r2 + 2α)
r6 + αQ2(r2 + 2α)
. (23)
This is the expression for f given at Eq. (12). The following task is to derive the original gauge field strength F .
Using Eq. (8) we have that
Fµν = Q ρσµν Fˆρσ + 4Qαβα[µFˆν]β +Q αβαβ Fˆµν . (24)
On the one hand, Fˆ was already obtained back at Eq. (18). On the other hand, we have just derived the expression
for the metric functions f and N , so the tensor Q ρσµν is also determined as well. Assuming the electric ansatz (10),
which implies that
F = −Φ′(r)dt ∧ dr , (25)
we find, after equating this last expression with Eq. (24), a first-order ODE for Φ(r) in terms of the electric charge
Q and the metric functions f and N . Such equation reads
Φ′(r) = −QN
r2
+
αQ
2r4
[
r (3rf ′N ′ + f (2rN ′′ − 8N ′)) +N (r2f ′′ − 8rf ′ + 18f − 18) ]
− α
2Q
2r5
[
− 3rf ′N ′ + f ((5rf ′ + 12)N ′ − 2rN ′′) + 2f2 (rN ′′ − 6N ′)
]
− α
2Q
2r6N
[
N2
(−r2f ′′ + r2f ′2 + 12rf ′ + f (r2f ′′ − 12rf ′ − 40)+ 20f2 + 20)+ r2f2N ′2] ,
(26)
where we remark that we have not replaced yet the expressions obtained for N and f . After setting N = 1, however,
we find that a great simplification takes place and (26) boils down to
Φ′(r) = −Q
r2
+
αQ
2r4
(
r2f ′′ − 8rf ′ + 18f − 18)− α2Q
2r6
[ (
20− r2f ′′ + r2f ′2 + 12rf ′)+ f (r2f ′′ + 20f − 12rf ′ − 40) ] .
(27)
Imposing a vanishing electric potential at infinity, this equation can be integrated to yield
Φ(r) =
Q
r
(
1 +
α(1− f)
r2
)(
1 +
α(4− 4f + rf ′)
2r2
)
, (28)
6which is precisely Eq. (13).
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